To clarify the choice of imaging parameters for optimal gradient-recalled echo MR scanning of joints, we analyzed the behavior of contrast-to-noise and signal-to-noise ratios for spoiled (i.e., fast low-angle shot [FLASH] or spoiled GRASS) and steady-state (i.e., gradient-recalled acquisition in the steady state [GRASS] or fast imaging with steady precession) techniques at 1.5 T. The analysis is based on tissue characteristics derived from spin-echo measurements of hyaline cartilage and synovial fluid signal in the patellofemoral joints of 11 volunteers. Separate analysis of contrast-tonoise and signal-to-noise ratios for multiplanar (long TR) acquisitions shows that these parameters are each improved compared with single-slice methods. At TRs greater than 250 msec, there is no significant difference in the contrast behavior of FLASH and GRASS. For optimal contrast-to-noise ratio (synovial fluid-cartilage), the best multiplanar sequence (for TE <23 msec) is with a short TE and a large flip angle (e.g., 400/9/73° [TR/TE/flip angle]). If a single-scan or three-dimensional technique is desired, then a GRASS sequence at minimal TR and TE and intermediate flip angle eScholarship provides open access, scholarly publishing services to the University of California and delivers a dynamic research platform to scholars worldwide.
imaging with steady precession (FISP) with a flip angle of 70#{176} has been advocated [1] . For imaging of the glenoid labrum, long TR (300 msec) gradient-recalled This study analyzes the contrast and signal behavior of synovial fluid and hyaline cartilage in an effort to provide objective data on which the choice of parameters for articular imaging can be based. Two major GRE scan techniques will be examined: (1) 
a]/(a2 -bl"i + 1 , and rho = proton density, the signal intensity (5) for a FLASH sequence can be expressed as:
The signal intensity (5) for a GRASS sequence may be expressed as:
These expressions are based on the following assumptions: slice profiles are rectangular, T2 equals T2*, and RF excitations are not phase alternated.
In 
where S represents the signal value for the tissue of interest. 
It is possible to estimate n with reference to a machinedependent time value we will refer to as t: 
Subjects and Methods
Imaging of the pateliofemoraljoint was performed in asymptomatic volunteers on a 1 .5-T system (Signa 4.1 , General Electric, Milwaukee, WI) with a i7-cm transmit-receive birdcage extremity coil. Spin-echo images were acquired by using a i 0-cm field of view, 4-mm axial slices with a 4-mm interslice gap, 256 x 256 matrix, and one or two excitations.
Regions of interest were measured with manufacturerprovided software.
Seven subjects were imaged by using the following sequences ( for a spin-echo sequence:
where 1W 
Results
On the spin-echo images of the patellar cartilage, a gradation in signal could generally be discerned on the long TR/ short TE images, with increasing signal noted in the more Figure 1 for the nonpresaturation sequence.
For long TA values (>200 msec), relative maxima also occur at minimum TE values (9 msec) and an appropriately larger alpha. For TA = 300, 400, and 500 msec, alpha = 26#{176}, 30#{176}, and 33#{176}, respectively, with S/N of 12.80-1 2.88 for hyaline cartilage and 12.74-1 2.76 for synovial fluid. In the range of appropriate alpha values, the losses in S/N for these sequences are relatively minor with changes in TA, particularly for the longer TA sequences ( Fig. 2A) . Very little contrast between synovial fluid and hyaline cartilage can be expected in this range. The flip-angle dependence at these longer TR values is shown in Figure 2B .
Considering a multiplanar acquisition, the S/N would be 42.75 for hyaline cartilage and 42.25 for synovial fluid for the TA = 400 msec sequence with t = 26 msec, 2.93 times that of the optimal single-slice case (35/9/1 5#{176}) with the same t value.
A 400/9/30#{176} GRASS image is illustrated in Figure   3 . The measured S/Ns of hyaline cartilage and synovial fluid (relative to thosefor a 400/23/i 8#{176} sequence) are 2.1 % less and 11.3% more than predicted, respectively. 
Signal-to-noise ratio (S/N) is in arbitrary units.
particularly for synovial fluid (Fig. 4 , compare with Fig. 1 signal behavior is essentially identical to that for GRASS, as discussed above.
GRASS C/N (Optimization 2)
The optimal contrast for GRASS occurs at a positivecontrast maximum: (Fig. 5) . For a minimum TA of 35 msec (e.g., using presaturation), the global maximum diverges to long TA values. For 35/9/35#{176} images, C/N is only 2.65.
In the range of short TA values, there is a mild contrast loss for changes in flip angle, but positive contrast for GRASS (Fig. 6 ) is slightly less sensitive to changes in flip angle than is short TA, negative contrast for FLASH.
A negative-contrast long TA maximum occurs for GAASS if we limit TE < 23 and TA < 600 msec: 433/9/75#{176}, C/N = -4.54.
Changes in TR effect little C/N loss in this range (Fig.  7A) . For the long TA acquisition, the negative-contrast maximum (short TE scan, Fig. 7B ) is less sensitive to changes in flip angle than is the positive-contrast maximum (longer TE scan, Fig. 7B ).
In the multiplanar case, the C/N of the 433/9/75#{176}sequence
is -1 5.74 with a t = 26 msec, 2.41 times that of the short TA (1 8 msec), positive-contrast maximum with a t = 9 msec. Positive C/N can be achieved at long TA by using longer TEs. For 400/23/i 8#{176}, the C/N is equivalent to that with the TE = 9 msec, negative-contrast
sequence. An image with TE = 23 msec is shown in Figure 8 . The measured contrast, normalized to synovial fluid signal, is 1 1 .5% greater than the predicted contrast.
FLASH C/N (Optimization 2)
If TE is limited to less than 25 msec and TA to less than 600 msec, a short TE, negative-contrast maximum occurs for minor changes in flip angle cause significant contrast losses (Fig. 6 ).
Long TA (>250 msec) contrast behavior is almost identical to GRASS (as discussed above).
3-D Imaging
The optimal scan parameters for 3-D imaging are the same as for single-slice imaging. For a 32-slice acquisition with presaturation, our analysis would predict 1 4% greater S/N for 3-D GRASS (35/9/1 5#{176}), as compared with two-dimensional (2-D)/multiplanar FLASH (896/9/44#{176}). Because C/N in short TR GRASS is very sensitive to the minimum achievable TA, FLASH (28/9/22#{176}) is more versatile for optimal C/N in 3-D acquisitions (e.g., if presaturation is used). Again, for a 32-slice acquisition with presaturation, our analysis would predict 1 1 % greater C/N for the 3-D FLASH (28/9/22#{176})acquisition, as compared with multiplanar FLASH (869/9/95#{176}).
Error Estimates
The theoretical results are fairly sensitive to variations in the measured tissue characteristics. for synovial fluid. The optimal S/N for a FLASH sequence is then obtained with 45/9/9#{176};the S/N would be 49% greater than for a (previously optimal) 22/9/7#{176} sequence. The optimal S/N for a GRASS sequence is then obtained with 9/18/16#{176}; the S/N would be 37% greater than for a (previously optimal) contrast-to-noise ratio (C/N) is in arbitrary units.
9/1 8/14#{176} sequence. By using the same adjusted tissue characteristics, the optimal C/N for a FLASH sequence is obtained with 1 9/9/1 5#{176}; the C/N would be 2.6% greater than for a (previously optimal) 23/9/20#{176}sequence. The optimal C/N for a GRASS sequence is obtained with 9/326/57#{176}; the C/N would be 3.3% greater than for a (previously optimal) 9/433/ 75#{176} sequence.
Discussion
The patellofemoral joint was selected for study because of its accessibility to imaging and the large size of the patellar cartilage. Attention has been given to the bilaminar appearance of the patellar cartilage as depicted on Ti -or protondensity-weighted images [8, 9] , with hypointensity noted in the basal zone. These zones were not uniformly or discretely defined in our subjects. The optimal scan parameters for 3-D imaging would be the same as for singleslice imaging.
In the short TA case, GRASS offers 1 5% greater S/N than does FLASH. IF the minimal TA is 35 msec (as with presaturation), then the S/N for GRASS is 13% greater than that for the FLASH sequence. S/N for a multislice acquisition with a TA of 400 msec will be 2.9 times that of the single-slice acquisition with a TA of 1 8 msec. Optimal negative contrast occurs for FLASH at minimal TE and short TA values (23/9/20#{176}) if only TE values less than 24 msec are considered. Optimal contrast for GRASS occurs at the minimum TE and TR (1 8/9/32#{176}). This short TR maximum is a positive-contrast maximum, but at a short TE. This maximum for GRASS no longer exists if options are used that lengthen the minimal TA (e.g., to 35 msec with presaturation). C/N for a 35/9/35#{176} GRASS sequence is only 41 % of that for a sequence with a TA of 18 msec. Hence, for optimal C/N, FLASH is preferred for 3-D or single-slice imaging if presaturation is use. If the minimum achievable TA becomes longer (i.e., 35 msec), a long TA/short TE sequence (433/9/75#{176}) becomes the globally optimal technique (negative contrast). If the multiplanar acquisition is considered, then the overall C/N for this scan is 2.4 times that of the 1 8/9/32#{176} sequence. If positive contrast is desired in the multiplanar case, longer TEs can be used, although slice coverage and S/N will be less than for the negative-contrast multiplanar technique. In summary, optimal S/N from both cartilage and synovial fluid may be desirable for assessment of low-signal intraarticular structures such as fibrocartilaginous labra and menisci. For this purpose, the optimal multiplanar GRE acquisition would have a minimal TE and intermediate flip angle (e.g., 400/9/30#{176}). For a single-slice or 3-D acquisition, GRASS (18- sequence is best (e.g., 1 8/9/32#{176}). However, the short TA required in this case precludes the use of scanning options such as presaturation.
The ultimate utility of specific GRE sequences will depend on more than singular contrast considerations.
We hope, however, that a greater knowledge of GRE contrast behavior with respect to articular tissues will objectify the application of various imaging schemes.
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